Immunoglobulins (Igs) are crucial to adaptive immunity, and their specific functions vary between isotypes and subclasses. In humans, immunoglobulin G (IgG) and A (IgA) are the first and second most abundant Igs in the circulation (approximately 12.5 and 2.2 mg/mL, respectively^[@ref1],[@ref2]^) and IgA is the most abundant Ig in mucosal secretions (e.g., approximately 0.2 mg/mL in saliva^[@ref3]^). Glycosylation is a prominent co- and post-translational modification of antibodies, with a large impact on their function. This is well described for IgG effector functions in vitro.^[@ref4]−[@ref7]^ For example, IgG Fc glycosylation influences binding of the antibody to the Fcγ receptor III and subsequent antibody-dependent cellular cytotoxicity, as well as binding to C1q and complement-dependent cytotoxicity.^[@ref4]−[@ref6]^ Furthermore, changes in human IgG glycosylation have been associated with, for example, autoimmune diseases and cancer.^[@ref8]^ In contrast, our understanding of the role of serum IgA and its glycosylation in (patho-)physiological processes, as well as the factors affecting IgA glycosylation, is still limited. This is mainly due to the existing analytical challenges for analyzing IgA glycosylation in a subclass- and site-specific manner.

Human IgG occurs in four subclasses, which all carry a conserved *N*-glycosylation site in the Fc domain. This site is occupied by an *N*-glycan in more than 99% of the IgG molecules.^[@ref9],[@ref10]^ IgG3 contains an additional *N*-glycosylation site in its constant domain and mucin-type *O*-glycosylation sites in the hinge region, which both have site occupancies of around 10%.^[@ref10],[@ref11]^ Human IgA consists of two subclasses, IgA1 and IgA2, which in serum are mostly present as monomers. Dimeric IgA is present as a minor fraction and is formed when a joining chain (JC) connects two monomers via disulfide bridges in the tailpiece region.^[@ref1]^ The JC itself is a glycoprotein with one *N*-glycosylation site. IgA2 has four highly occupied *N*-glycosylation sites in the constant region, whereas IgA1 has two highly occupied *N*-glycosylation sites in the constant region and six *O*-glycosylation sites in the hinge region.^[@ref9],[@ref12]^ Although less is known about the structure--function relationship of IgA glycosylation as compared to IgG glycosylation, recent studies indicated serum IgA *N*- and *O*-glycosylation effects in a small cohort of breast cancer patients.^[@ref13],[@ref14]^ Moreover, IgA1 *O*-glycans are thought to play a central role in the pathogenesis of IgA nephropathy.^[@ref15]^

Since Ig glycosylation has been associated with numerous diseases, Ig glycosylation profiling has been suggested as a promising approach to screen for pathology-associated glycosylation changes with potential for biomarker development.^[@ref8],[@ref16]−[@ref18]^ To this end, the development of high-throughput workflows for multiprotein glycoprofiling is much-needed.^[@ref19]^ Mass spectrometry (MS)-based glycosylation analysis at the glycopeptide level is particularly useful, as it provides site-specific and protein-specific information.^[@ref20]^ MS-based approaches relying on electrospray ionization (ESI) allow the hyphenation between a liquid-mode separation and MS, enabling the differentiation between isomeric or isobaric glycopeptides.^[@ref20]^ The use of reversed-phase (RP) liquid chromatography (LC) for glycopeptides results in separation mainly based on their peptide portion, allowing straightforward data processing, as reported for glycopeptides derived from different Ig isotypes.^[@ref9],[@ref21]−[@ref23]^ The integrated analysis of different Ig isotypes results in a higher sample throughput and gain in information density, as was shown for IgM, IgA, and IgG glycopeptide profiling via targeted tandem MS after the direct injection of a digest of the complete plasma proteome.^[@ref24]^ Alternatively, a more in-depth characterization of Ig glycosylation microheterogeneity is expected when antibodies are enriched prior to glycopeptide generation.^[@ref9],[@ref25]^ However, since the serum concentrations of the different Igs vary significantly during disease and between isotypes and subclasses, their simultaneous preparation and MS-based analysis is a great challenge. To date, only methods were reported for the preparation and profiling of glycopeptides from individual Ig isotypes.^[@ref9],[@ref25]^

Here, we developed an integrated workflow for simultaneous, high-throughput glycosylation analysis of serum IgG and IgA by nanoRPLC-ESI-MS. Samples were prepared in 96-well plate format from minute amounts of serum employing affinity purification. Differences in serum Ig concentrations were overcome by the controlled, incomplete capturing of IgG, while aiming for a near-complete IgA capture. Three IgG and five IgA *N-*glycopeptide elution clusters (based on the peptide portions surrounding the glycosylation sites) were detected by LC-qTOF-MS analysis of the captured and proteolytically digested Igs, next to one cluster for the IgA hinge-region *O*-glycopeptides and two clusters from the JC. Implementation of the semiautomated data processing software LaCyTools provided fast and consistent data processing.^[@ref23]^ The new method was applied on a medium-size sample set from healthy donors, which revealed novel IgA *N*- and *O*-glycosylation associations with age and confirmed IgG-Fc glycosylation associations with age.^[@ref26]^

Experimental Section {#sec2}
====================

Chemicals and Enzymes {#sec2.1}
---------------------

CaptureSelect FcXL Affinity Matrix beads (binding capacity IgG 25--35 g/L; Thermo Fisher Scientific, Leiden, Netherlands) and CaptureSelect IgA Affinity Matrix (binding capacity IgA 8 g/L, Thermo Fisher Scientific) were used for affinity purification. Ammonium bicarbonate, formic acid, tris(hydroxymethyl)amino-methane, tris(2-carboxyethyl)phosphine (TCEP) hydrochloride, sodium deoxycholate (SDC), and 2-chloracetamide (CAA) were from Sigma-Aldrich (Zwijndrecht, The Netherlands). Water was purified via a Purelab Ultra, maintained at 18.2 MΩ (Veolia Water Technologies Netherlands B.V., Ede, Netherlands). Acetic acid was from Honeywell (Seelze, Germany), acetonitrile from Biosolve (Valkenswaard, The Netherlands), trifluoroacetic acid (TFA) from Merck (Darmstadt, Germany), and sequencing grade modified trypsin was from Promega (Madison, WI).

Samples {#sec2.2}
-------

Serum samples were obtained from the Leiden University Medical Center (LUMC) Surgical Oncology Biobank. Samples were collected between October 2002 and March 2013 according to a standardized protocol.^[@ref27]^ This study was approved by the Medical Ethics Committee of the LUMC and was performed in accordance to the Code of Conduct of the Federation of Medical Scientific Societies in The Netherlands. In-house available pooled human serum (*N* = 48 × 5.4 μL) and commercially available human plasma Visucon-F (Affinity Biologicals, Ancaster, ON, Canada) (*N* = 40 × 5.4 μL) were used as technical standards. Negative controls, consisting of PBS, were included at random locations in the sample plate layout (*N* = 20).

Immunoaffinity Enrichment of Immunoglobulins from Serum {#sec2.3}
-------------------------------------------------------

Using a Microlab STAR liquid handling robot (Hamilton, Bonaduz, Switzerland), 5.4 μL of serum were pipetted into V-bottom 96-well plates (Greiner Bio-One B.V., Alphen a/d Rijn, The Netherlands) containing 130 μL 35 mM phosphate-buffered saline (PBS; pH 7.6, made in-house from 5.7 g Na~2~HPO~4~/L of water, 2H~2~O, 0.5 g KH~2~PO~4~/L of water, and 8.5 g NaCl/L of water). Ig enrichment was performed similar to Selman et al. with the following modifications.^[@ref21]^ Per sample, 40 μL slurry was used, containing 0.2 μL CaptureSelect FcXL Affinity Matrix beads (absolute theoretical capacity for total IgG: 5 μg) and 5 μL CaptureSelect IgA Affinity Matrix beads (absolute theoretical capacity for IgA: 40 μg) in PBS. The bead slurry was applied to 96-well filter plates (10 μm pore size, Orochem, Naperville, IL) and washed three times with 200 μL PBS using a vacuum manifold (50 kPa pressure gradient). To prevent drying of the beads 30 μL of PBS were added to each well. For combined IgG and IgA capturing, 125 μL of diluted sample (corresponding to 5 μL serum) were added per well, followed by 1 h incubation at room temperature with agitation. Using a vacuum manifold, the beads were washed three times with 200 μL PBS and three times with 200 μL water, prior to centrifugation for 1 min at 911 *g*. For elution, 100 μL of 100 mM formic acid were added, followed by 5 min incubation with agitation. Eluates were collected into nonskirted 96-well PCR plates (Greiner Bio-One, Kremsmünster, Austria) by 2 min centrifugation at 1763 *g* and dried by vacuum centrifugation for 2.5 h at 60 °C.

Glycopeptide Preparation {#sec2.4}
------------------------

Dried eluates were dissolved in 10 μL reduction-alkylation buffer (100 mM tris(hydroxymethyl)aminomethane, 1% (w/v) SDC, 10 mM TCEP and 40 mM CAA) and sealed with VersiCap Mat flat cap strips (Thermo Fisher Scientific) followed by 5 min of shaking at 500 rpm with 1.5 mm orbit. For one-step denaturation, reduction, and alkylation the samples were incubated for 5 min at 95 °C and cooled to room temperature in a 2720 Thermal Cycler (Thermo Fisher Scientific). For digestion, 50 μL of digestion buffer (0.004 μg/μL sequencing grade modified trypsin in 50 mM ammonium bicarbonate (pH 8.5) was added to each sample. The plate was closed with VersiCap Mat flat cap strips, followed by 5 min shaking at 1000 rpm and overnight incubation at 37 °C. On the next day, 1.2 μL of concentrated formic acid was added to each sample, followed by centrifugation for 45 min at 2800 *g* for the acid precipitation of SDC. Using a semiautomated pipetting system Liquidator 96 (Mettler Toledo, 's-Hertogenbosch, Netherlands), 40 μL of supernatant containing Ig (glyco-)peptides were transferred to a V-bottom 96-well plate (Greiner). The plate was sealed and stored at −20 °C prior to MS analysis.

Protein and Glycopeptide Identification by MS/MS {#sec2.5}
------------------------------------------------

(Glyco-)peptides were identified in one serum sample pooled from a subset of the clinical cohort described above. To this end, an Easy nLC 1200 gradient system (Thermo Fisher Scientific), and an Orbitrap Fusion Lumos Tribrid MS were used (Thermo Fisher Scientific; [Supporting Information (SI) Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx) and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_002.pdf)). The tryptic digest sample was injected into a homemade precolumn (15 mm × 100 μm; Reprosil-Pur C18-AQ 3 μm, Dr. Maisch, Ammerbuch, Germany). Separation was performed via an analytical nanoLC column (15 cm × 75 μm; Reprosil-Pur C18-AQ 3 μm; drawn to a spray tip of 5 μm at the end of the column) with a solvent B (20/80/0.1, water/acetonitrile/FA, v/v/v) gradient from 10 to 40% in 20 min (solvent A: 0.1% formic acid in water). After electrospray ionization, a data-dependent tandem MS analysis was performed where a full MS^1^ scan within *m*/*z* 400--1500 was collected with a resolution of 120 000, at an automatic gain control (AGC) target of 400 000 and with a maximum fill time of 50 ms. The *n* most abundant ions per 3 s were fragmented with higher-energy C trap dissociation (HCD, 32 normalized collision energy). Dynamic exclusion was applied after *n* = 1 with exclusion duration of 10 s. Charges 2--5 were included for MS^2^ using a quadrupole for precursor isolation with an isolation width of 1.2 Th and MS^2^ scan resolution of 30 000. The AGC target was 50 000, with a maximum fill time of 60 ms. Further fragmentation was focused on glycopeptides using the *N*-acetylhexosamine oxonium ion product at *m*/*z* 204.087 as trigger for a sequence of additional MS^2^ scans of the same precursor, that is, one collision-induced dissociation (CID; 35 normalized collision energy) spectrum and three spectra with different HCD collision energies (32, 37, and 42 normalized collision energy), at an AGC target of 500 000 with a maximum fill time of 200 ms. Protein identification was based on peptide comparison with the "Homo2018Canonical" database. The search for glycopeptides was performed using Byonic software version 3.2--38 2.13.2 with default settings, including a search for either tryptic or chymotryptic peptides. Carbamidomethylation (Cys) was set as fixed and oxidation (Met) as variable modifications using the following Byonic databases: "*N*-glycan 309 mammalian no sodium", "*O*-glycan 78 mammalian". Manual spectra exploration was performed with Xcalibur (v. 2.2 SP1.48, Thermo Fisher Scientific).

Glycosylation Profiling by NanoLC-qTOF-MS {#sec2.6}
-----------------------------------------

All samples were thawed, mixed and centrifuged for 5 min at 1763 *g*. (Glyco-)peptides were analyzed using an Ultimate 3000 RSLCnano system (Dionex/Thermo Fisher Scientific, Sunnyvale, CA) coupled to an Impact qTOF-MS (Bruker Daltonics, Bremen, Germany) as described previously.^[@ref28]^ Briefly, sample loading was performed using an autosampler equipped with a 2.4 μL needle and 5 μL PEEK sample loop. From each well, 0.5 μL of sample was loaded in 0.1% TFA onto a C18 PepMap100 trap column (300 μm i.d. × 5 mm, particle size 5 μm, pore size 100 Å, Thermo Fisher Scientific) at a flow of 25 μL/min. After 1 min the trap column was switched in-line with a nanoEase M/Z Peptide BEH C18 analytical column (75 μm x 100 mm, particle size 1.7 μm, pore size 130 Å, 1/PK, Waters) at a flow of 0.6 μL/min. A linear gradient of solvent A (0.1% TFA in water) and solvent B (95% acetonitrile) was applied: 3%B 0 min, 30%B 6.5 min, 95%B 10 min, 95%B 10--12 min, 3%B 13 min, 3%B 13−21 min. Positive-mode ESI was performed using a Captive Spray source equipped with nanoBooster technology (Bruker Daltonics), enriching the nitrogen dry gas (3 L/min, 180 °C) with acetonitrile. The collision energy was at 5 eV, the transfer time at 112 μs, and the prepulse storage at 21 μs. The acquisition window was set to *m*/*z* 400--1800 at a frequency of 1 Hz.

NanoLC-qTOF-MS Data Processing {#sec2.7}
------------------------------

Glycopeptides were identified in the profiling data, based on features described in literature^[@ref25],[@ref29],[@ref30]^ and the Orbitrap tandem MS data of the pooled sample. For glycosylation profiling using nanoLC-qTOF-MS, 11 retention time clusters were defined based on the peptide portions surrounding the IgG and IgA glycosylation sites, i.e LAGy, LAGc, TPL, LSL, SES, HYT, ENI, IIV, IgG1, IgG2/3, IgG4 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). For each run, calibration was performed in DataAnalysis 5.0 (build number 203.2.23586, Bruker Daltonics) on a sum spectrum (2.6--3.2 min) using 9 calibrants ([SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Calibrated LC-MS data files were converted to mzXML format with MSConvert (ProteoWizard 3.0 suite). Using LaCyTools version 1.0.1 build 8, chromatograms were aligned to a target chromatogram ([SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)).^[@ref23]^ If the root-mean-square difference between targeted and resulting retention times was higher than 5, the sample was excluded. Sum spectra were generated per glycopeptide cluster, further used for area integration within a ± 0.05 Th window for each individual glycopeptide composition, covering a minimum of 80% of the theoretical isotopic envelope area. Local background subtraction was performed for all included isotopes. For quality control, analyte presence was evaluated per charge state based on the following quality criteria: isotopic pattern quality score \<0.2, signal-to-noise ratio \>9, and absolute mass error \<20 ppm. For each glycopeptide cluster, the total area of all analytes passing the analyte quality criteria was summed over all included charge states. For spectral quality control, a specific cluster was excluded per sample, if either the respective total intensity was below the first percentile in the sample group (healthy individuals, pooled plasma, pooled serum) or if the number of analytes passing the criteria described above was below the 15th percentile. After the exclusion of low-quality clusters, only analytes measured with good quality, based on analyte criteria described above, in more than 20% of the samples per group were included. For analytes which passed quality control, the absolute areas for all included charges per glycopeptide were summed, corrected for the isotopic fraction integrated, and normalized to the total area per glycopeptide cluster to retrieve relative intensities of the validated glycopeptide compositions.

###### IgG and IgA Glycosylation Sites Targeted for Glycopeptide-Based Glycosylation Analysis

  protein                                  cluster[a](#t1fn1){ref-type="table-fn"}   peptide sequence[b](#t1fn2){ref-type="table-fn"}                    glycosylation site                          retention time (min)
  ---------------------------------------- ----------------------------------------- ------------------------------------------------------------------- ------------------------------------------- ----------------------
  IgA1                                     HYT                                       (K)HYTNPSQDVTVPCPVPS**T**PP**T**P**S**P**ST**PP**T**PSPSCCHPR(L)    T106/T109/S111/S113/T114/T117               3.3--4.1
  IgA1/2                                   LAGy                                      (R)LAGKPTHV**[N]{.ul}**[VS]{.ul}VVMAEVDGTCY                         N340/327                                    5.3--5.6
  IgA1/2                                   LAGc                                      (R)LAGKPTHV**[N]{.ul}**[VS]{.ul}VVMAEVDGTC                          N340/327                                    5.0--5.3
  IgA1/2                                   LSL                                       (R)LSLHRPALEDLLLGSEA**[N]{.ul}**[LT]{.ul}CTLTGLR(D)                 N144/131                                    6.3--6.6
  IgA2                                     TPL                                       (K)TPLTA**[N]{.ul}**[IT]{.ul}K(S)                                   N205                                        2.7--3.1
  IgA2                                     SES                                       (W)SESGQ**[N]{.ul}**[VT]{.ul}AR(N)                                  N47                                         0.6--1.3
  JC                                       ENI                                       (R)E**[N]{.ul}**[IS]{.ul}DPTSPLR(T)                                 N71                                         2.8--3.3
  JC                                       IIV                                       (R)IIVPLNNRE**[N]{.ul}**[IS]{.ul}DPTSPLR(T)                         N71                                         4.8--5.1
  IgG1                                     IgG1                                      (R)EEQY**[N]{.ul}**[ST]{.ul}YR(V)                                   N180                                        1.3--1.7
  IgG2/3[c](#t1fn3){ref-type="table-fn"}   IgG2/3[c](#t1fn3){ref-type="table-fn"}    (R)EEQF**[N]{.ul}**[ST]{.ul}FR(V)[c](#t1fn3){ref-type="table-fn"}   N176/N227[c](#t1fn3){ref-type="table-fn"}   2.7--3.1
  IgG4                                     IgG4                                      (R)EEQF**[N]{.ul}**[ST]{.ul}YR(V)                                   N177                                        2.0--2.3

Cluster names for IgA and JC are referring to the first three letters of the peptide sequence, while IgG clusters are named after their subclass.

Glycosylation sites are marked in bold within the peptide sequence, and the respective threonine, serine, and asparagine residues are numbered according to UniProtKB nomenclature.^[@ref34]^ The *N*-glycosylation consensus motif is underlined.

The amino acid sequence of the IgG3 glycopeptide is, depending on the IgG3 allotype, either exactly the same as the IgG2 glycopeptide sequence (EEQFNSTFR; allotypes IGHG3\*11 and \*12), represents an isomer of the IgG4 glycopeptide (EEQYNSTFR), or has the unique sequence TKPWEEQYNSTFR.^[@ref35]^ Based on the tandem MS data of the pooled subset of the studied population, no indications were found for the presence of IgG3 allotypes that would result in the EEQYNSTFR (IGHG3\*01 to \*10 and \*13 to \*17) or TKPWEEQYNSTFR (IGHG3\*18 and \*19) sequences, which is consistent with the predominant presence of IGHG3\*11 or \*12 allotypes in the Caucasian population.^[@ref36]^ However, an overlap between IgG3 and IgG4 glycoforms in the individual samples cannot be excluded.

![NanoLC-qTOF-MS glycopeptide profiling of IgG and IgA. (A) Extracted ion chromatograms (EICs) for one major glycopeptide per cluster. Protein names and the first three letters of the amino acid sequence of the respective tryptic peptide (in parentheses) are given. Separation was based on the peptide backbones, clustering the analytes with the same peptide sequence, but varying glycan portions. The *m*/*z* window for the EICs was set as follows for the different clusters: ± 0.05 Th for SES, ± 0.002 Th for IgG4, ± 0.01 Th for ENI, and ±0.02 Th for all other clusters. The blue and red boxes indicate the time windows used for sum spectra generation in (B) and (C). (B) The 25 most abundant glycopeptide peaks from the IgA1 HYT *O*-glycopeptide cluster, their measured *m*/*z* and suggested monosaccharide compositions. (C) The 20 most abundant glycopeptide peaks from the IgA1/2 LSL *N*-glycopeptide cluster, their measured *m*/*z* and proposed *N*-glycan structures.^[@ref25],[@ref37]^ Note: linkages were not determined. Asterisks mark signals not derived from glycopeptides.](ac9b05722_0001){#fig1}

Statistical Analysis {#sec2.8}
--------------------

Microsoft Excel (2016) was used for data handling and quality control, while R Version 3.4.3 (R Core Team, 2014) and RStudio (Version 1.2.1335 Build 1379) were used for data analysis, and *ggplot2* package and Microsoft Powerpoint (2016) for data visualization.^[@ref31]^ Batch-effect correction was performed using the function *ComBat* from the *sva* package in R.^[@ref32]^ Subsequently, extreme outliers (mean ±5 SD for the glycopeptide relative intensities) were removed. Spearman correlation analysis was performed to assess glycopeptide correlation between different glycopeptide clusters. Associations between glycopeptide relative intensities and age of the healthy donors were tested via linear regression analysis on standardized data (subtraction of the mean and division by the SD). After multiple testing correction via the Bonferroni procedure *p*-values below 3.6 × 10^--4^ were considered statistically significant.

Results and Discussion {#sec3}
======================

Combined IgG and IgA Enrichment and Glycopeptide Generation {#sec3.1}
-----------------------------------------------------------

A high-throughput method for the combined IgG and IgA glycosylation profiling of serum and plasma samples was developed. To account for the large serum concentration difference between IgG and IgA,^[@ref1],[@ref2]^ their simultaneous immunoaffinity enrichment was optimized by combining IgG and IgA affinity beads in a ratio allowing to capture only a fraction of the total IgG, while IgA capturing was almost complete. The optimized capturing conditions resulted in a theoretical capturing capacity of 5 μg of IgG and 40 μg of IgA. Assuming an absolute amount of 62.5 μg of IgG and 11 μg of IgA in 5 μL plasma,^[@ref1],[@ref2]^ the final captured amount of IgG (approximately 5 μg) and IgA (approximately 11 μg) were in the same order of magnitude. This resulted in a method that allowed the detection of all of the highly occupied glycosylation sites from all subclasses of IgG and IgA in a single LC-qTOF-MS run ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Previous reports on the combined analysis of IgG and IgA glycopeptides relied on the enrichment of IgA separately from IgG, and either performed separate LC-qTOF-MS analysis for the two proteins, or needed to adjust protein amounts after capturing. Both approaches introduced additional steps into the workflows and yet were not able to cover all expected glycosylation sites.^[@ref9],[@ref25]^ Although incomplete capturing of IgG may come with the risk of introducing glycoform-dependent biases, this was not expected, as the CaptureSelect FcXL beads are binding the C~H~3 domain of IgG, while the conserved Fc glycosylation site is located on the C~H~2 domain. Furthermore, the IgG glycosylation profiles obtained using this method were similar to profiles obtained after near-complete capturing of plasma IgG ([SI Figure S2](#notes-1){ref-type="notes"}).

The reported sample preparation procedure using TCEP and CAA for the reduction and alkylation of the proteins prior to trypsin digestion, resulted in a higher flexibility regarding sample concentration differences as compared to the often used dithiothreitol and iodoacetamide approaches, as no byproducts were formed by the unreacted reagents. In addition, it allowed a one-step denaturation, reduction and alkylation of the samples, considerably simplifying and shortening the sample preparation as compared to most other approaches.^[@ref33]^

Protein and Glycopeptide Identification {#sec3.2}
---------------------------------------

Orbitrap tandem MS of a pooled serum sample confirmed the presence of the targeted proteins IgG1, 2, 3, and 4 as well as IgA1, 2 and the JC ([SI Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). For 10 of the 11 glycopeptide elution clusters (based on the peptide portions; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) the peptide sequence was confirmed by tandem MS ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx) and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_002.pdf)). For the elution cluster representing glycosylation site N47 on IgA2, annotation was based on accurate mass and isotopic pattern matching. While all other glycopeptides were a result of specific trypsin digestion, this site was detected in the form of the chymotryptic peptide (W)SESGQNVTAR(N), which is in line with previous reports.^[@ref25],[@ref37]^ Concerning the previously reported *O*-glycosylation in IgG3 hinge region, only nonglycosylated peptides were confirmed by tandem MS in our study (not shown).

Robust, High-Throughput Profiling of IgG and IgA Glycopeptides by NanoLC-qTOF-MS {#sec3.3}
--------------------------------------------------------------------------------

A total of 129 and 139 glycopeptides were quantified in the pooled plasma (*N* = 40) and serum (*N* = 48) standard samples, respectively ([SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). More than 50% of glycopeptides in pooled serum samples had relative standard deviations below 10% ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [SI Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Using the optimized sample preparation, 384 samples can be prepared by one person in two working days, and 60 digested samples can be analyzed per 24 h on the nanoLC-qTOF-MS system, taking into account suitable numbers of LC-MS system suitability standards and blanks. Thus, the developed method is suited for high-throughput applications on large sets of clinical samples.

![Method repeatability. Two different standards, that is, pooled human serum (*N* = 48) and commercially available pooled human plasma (*N* = 40), were randomly distributed over eight 96-well plates and underwent the full sample preparation and analysis workflow. Filled bars show the mean and error bars show the SD of relative intensities for the three most abundant glycopeptides after total area normalization per each of the 11 different peptides (clusters). Monosaccharide symbols: blue square = *N*-acetylglucosamine; green circle = mannose; yellow circle = galactose; pink diamond = sialic acid; red triangle = fucose; yellow square = *N*-acetylgalactosamine (see also [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).](ac9b05722_0002){#fig2}

IgA and IgG Glycosylation in Healthy Individuals {#sec3.4}
------------------------------------------------

A total of 101 glycopeptides derived from IgA1, IgA2 and the JC were detected and reliably quantified ([SI Table S4A and B](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). The LAGy and LAGc (truncated version, lacking tyrosine^[@ref29],[@ref38]^) glycopeptide clusters cover the C-terminal part of both IgA1 (glycosylation site N340) and allotype IGHA2\*01 of IgA2 (glycosylation site N327; for peptide nomenclature see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Other IgA2 allotype sequences covering this glycosylation site, as described in literature,^[@ref9],[@ref12],[@ref25]^ were not detected in the present study. Both the LAGy and the LAGc glycopeptide species eluted at two retention times ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This elution pattern is likely due to the isomerization of aspartic acid (IgA1 D348 and IgA2 D335) into isoaspartic acid.^[@ref25],[@ref39]^ In healthy individuals, 10 and 9 different glycoforms were quantified for LAGy and LAGc, respectively. The LSL cluster (covering IgA1 N144 and IgA2 N131) consisted of 12 glycoforms, the TPL cluster (IgA2 N205) of 10 glycoforms, the SES cluster (IgA2 N47) of seven glycoforms and the HYT cluster contained 39 *O*-glycopeptides from the IgA1 hinge region.

All IgA *N*-glycosylation sites carried mainly complex-type glycans, including diantennary and triantennary, mostly fucosylated structures with a varying degree of bisection, galactosylation and sialylation as described before.^[@ref25],[@ref29],[@ref37]^ In addition, hybrid and high-mannose type structures were registered in the LSL cluster, which was additionally characterized by the absence of measurable levels of fucosylation.^[@ref25]^

For IgA1 hinge-region *O*-glycosylation, exclusively simple Core 1 structures were reported before.^[@ref40]^ Assuming one *N*-acetylgalactosamine per *O*-glycan, a site occupancy of three to six *O*-glycans per heavy chain was found in the current study, with each glycan carrying zero or one galactose and zero to two sialic acids ([SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)).^[@ref29]^

Finally, glycopeptides from JC, which is associated with dimeric IgA, were detected in two glycopeptide clusters (both covering N71). The ENI cluster represented glycopeptides with the expected tryptic peptide sequence. In this cluster, mainly afucosylated, fully galactosylated, diantennary glycans were found, next to hybrid-type glycoforms. The IIV cluster represented glycopeptides with a miscleaved peptide, (R)IIVPLNNREN~71~ISDPTSPLR(T), which carried almost exclusively fucosylated glycans. This miscleavage has been associated with core fucosylation of the glycan at N71.^[@ref25]^

On IgG-Fc, mainly diantennary fucosylated glycans were observed, differing in the presence of terminal galactoses and sialylation, with optional bisection, which is in line with previous reports.^[@ref26]^ The different allotypes of IgG3 result in the potential occurrence of three different amino acid sequences for the IgG3 glycopeptides: EEQYNSTFR, EEQFNSTFR, and TKPWEEQYNSTFR ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref35]^ Based on the tandem MS data of the sample pool from a subset of the studied population, no indications were found for the presence of IgG3 allotypes that would result in the EEQYNSTFR sequence. Therefore, the tryptic glycopeptides derived from IgG2 and IgG3 Fc are assumed to be identical in our data and were here reported as a combined molecular species (IgG2/3).^[@ref35],[@ref36]^ Of note, an overlap between IgG3 and IgG4 glycoforms in individual samples cannot be excluded. For IgG1, IgG2/3 and IgG4, 17, 11, and 14 different glycopeptides were detected, respectively ([SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)).

Similarly to the conserved IgG-Fc *N*-glycosylation site, both IgA subclasses contain a conserved *N*-glycosylation site in the C~H~2 domain of the antibody (N144 on IgA1 and N131 on IgA2; LSL cluster). In addition, IgA2 contains a glycosylation site at N205 (TPL cluster). Notably, whereas IgA2 TPL glycopeptides and IgG C~H~2 glycopeptides were mostly fucosylated, IgA1/2 LSL glycopeptides lacked detectable levels of fucosylation. However, a positive correlation was observed for a number of structures from the LSL and IgG clusters. Interestingly, the agalactosylated IgA glycoform H3N5F0S0 correlated positively with the most abundant agalactosylated glycoforms of IgG1, such as H3N3F1S0, H3N4F1S0 and H3N5F1S0 (all with *p*-values \<1.6 × 10^--3^; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), as did the monogalactosylated glycoforms of IgA ([SI Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_002.pdf)). Accordingly, the fully galactosylated, fucosylated diantennary glycans on IgG1 correlated with their afucosylated counterparts in IgA ([SI Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_002.pdf)).

![Selected IgG and IgA glycopeptide relative intensities and their association with age. Correlation between the relative intensities of IgG1 H3N5F1S0 and IgA1/2 N144/N131 H3N5F0S0 with Spearman correlation coefficient *r* and corresponding *p*-value (A); *N-*glycopeptide relative intensities from IgG1 H3N5F1S0 (B), IgA1/2 N144/N131 H3N5F0S0 (C), IgA2 N205 H4N5F1S1 (D), IgA1/2 N340/N327 H4N5F1S0 (E), and *O*-glycopeptides of IgA1 H3N4F0S4 (F) plotted vs age. Linear regression lines are depicted, which all had a *p*-value ≤1.64 × 10^--4^ (see [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Color code for data points and regression lines: pink: female, blue: male, black and purple: both sexes combined. Nomenclature for glycan compositions: *H* = hexose, *N* = *N*-acetylhexosamine, *F* = fucose, and *S* = sialic acid.](ac9b05722_0003){#fig3}

The application of the combined IgG and IgA glycopeptide profiling confirmed the expected IgG galactosylation decrease with increasing age ([SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)).^[@ref8],[@ref26]^ For example, the agalactosylated structures on IgG1 showed a positive association with age (e.g., H3N5F1S0: beta = 4.5, *p*-value = 1.2 × 10^--9^; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)), while the opposite was observed for the fully galactosylated variants (e.g., H5N4F1S0: beta = −4.8, *p*-value = 9.4 × 10^--11^; [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Similarly, the non- and monogalactosylated glycoforms on *N*-glycosylation site N144 on IgA1 and N131 on IgA2 in the C~H~2 domain, showed a positive association with age (e.g., H3N5F0S0: beta = 4.0, *p*-value = 1.9 × 10^--7^; [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx), [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), while digalactosylated glycoforms were negatively associated with age (e.g., H5N4F0S2: beta = −3.5, *p*-value = 5.24 × 10^--6^; [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Also for the additional C~H~2 domain glycosylation site on IgA2 (N205) a negative association was found between galactosylation and age (e.g., the only incompletely galactosylated glycoform H4N5F1S1: beta = 4.1, *p*-value = 3.6 × 10^--8^; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D, [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Finally, we observed a similar association pattern at the tailpiece glycosylation site, i.e. a positive association with age for the monogalactosylated glycopeptides LAGy H4N5F1S0 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E) and a negative association for the digalactosylated LAGy H5N4F1S2 glycopeptides ([SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Similarities in the processing of the IgG-Fc glycosylation between the different IgG subclasses were described before, which is most probably influenced by the comparable quaternary structures of the antibody molecules.^[@ref41]^ Our data on the correlation between IgG and IgA C~H~2 domain glycosylation, together with the similar age associations of the two different antibody isotypes, suggest that comparable galactosylation mechanisms play a role in the biosynthesis of IgG and IgA C~H~2-domain glycans.

Finally, three of the detected *O*-glycopeptides associated with age in the studied population. H3N6S3 and H3N4S4 showed a negative association (beta = −3.1 and −3.3, respectively, *p*-values \<7.03 × 10^--5^; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F, [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)), while H4N4S2 was positively associated with age (beta = 3.1, *p*-value = 6.9 × 10^--5^; [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Negative trends with age were observed for other compositions where the number of hexoses was lower than the number of *N*-acetylhexosamines, suggesting a higher galactosylation per *O*-glycan at higher age ([SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx)). Alternative methods, for example using *O*-glycan proteases, may be used to further assess IgA1 site-specific *O*-glycosylation.^[@ref42]^ This will likely provide a higher resolution of the associations of *O*-glycosylation with biological variables. Previous studies analyzing tryptic IgA1 *O*-glycopeptides reported higher levels of galactosylation during pregnancy (third trimester) and after delivery, as compared to the early stage of pregnancy.^[@ref29]^ Furthermore, a higher overall sialylation was found in patients with rheumatoid arthritis compared to healthy controls.^[@ref43]^ To our knowledge, this is the first report on associations of serum IgA1 *O-*glycosylation with age.

Conclusions {#sec4}
===========

A high-throughput method for site-specific, simultaneous glycosylation analysis of IgG and IgA was developed and applied on a medium-sized set of serum samples from healthy individuals. We report on subclass-specific glycosylation profiles including all major glycan types and different structural features. Despite the challenge of a large dynamic range of IgG and IgA glycopeptide abundances, we were able to cover all common, expected glycosylation sites. This was achieved by adjusting the amounts of capturing beads which resulted in an efficient IgA capturing combined with a partial IgG capturing. We think that setting up capturing methods to adjust and nivellate protein amounts is a promising approach for multiplexed in-depth glycosylation profiling or, more generally, protein attribute monitoring. Furthermore, the combined capture of multiple proteins from the same sample saves precious patient material and allows faster data evaluation.

Our method can be applied in large clinical studies for biomarker development in various disease contexts. IgG and IgA are among the most abundant serum glycoproteins with central roles in the human immune system. The biomarker potential of IgG glycosylation profiling has been demonstrated in numerous publications during the past decade. In addition, the biological relevance of IgA glycosylation is becoming more apparent. In particular, inflammatory pathologies with mucosal involvement, such as inflammatory bowel diseases or colorectal cancer, may be attractive targets to study IgG and IgA glycosylation as well as their interaction. Furthermore, the current approach paves the way for the combined high-throughput glycomics of multiple serum glycoproteins.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.analchem.9b05722](https://pubs.acs.org/doi/10.1021/acs.analchem.9b05722?goto=supporting-info).Tables S1--S6 ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_001.xlsx))Figures S1--S3 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05722/suppl_file/ac9b05722_si_002.pdf))
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